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© Biosensors employing electrical, optical and mechanical signals. 



© Biosensors are provided employing a thin sur- 
factant polymeric electrically conducting layer to 
which may be bound members of specific binding 
pairs. Binding of an analyte or a reagent ' to the 



specific binding pair member layer may change the 
electrical, optical, or structural properties of the layer 
for measurement of analyte. The change in the poly- 
meric layer provides for a sensitive measurement. 
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BIOSENSORS EMPLOYING 



INTRODUCTION 



Technical Field 

The field of the subject invention is biosensors 
employing electrically conducting polymer surfac- 
tant layers for detection of analytes. 



Background 

In the last two decades there has been an 
increasing awareness of the need to assay for the 
presence of a large number of different types of 
analytes, as well as in many cases to be able to 
quantitate a particular analyte. During the 70's, a 
number of different chemistries were developed to 
avoid the need to use radioisotopes, where RIA 
was the primary technique for detecting a specific 
iigand or receptor. A wide variety of labels have 
been developed which would appear to have' 
reached their ultimate degree of sensitivity in con- 
junction with the protocols and intrumentation that 
has been available. While much of the effort has 
been directed to developing intrumentation which 
can handle a large number of assays in a substan- 
tially automated manner, the market for low volume 
assays for a variety of different ligands has been 
increasingly expanding. The need for this market is 
to be able to perform an extended number of 
assays for different ligands in relatively low num- 
bers for each Iigand and with a minimum of tech- 
nical competence. Therefore, in many cases, the 
protocol for the preparation of the sample should 
be simple and pretreating of the sample should be 
relatively routine. 

To answer the increasing need for detection of 
ligands, there have been numerous developments 
to improve Instrumentation in combination with par- 
ticular chemistries. Thus, there are a number of 
available instruments which are reasonably sen- 
sitive, have a relatively low requirement of technical 
competence, and the newer instrumentation is less 
expensive than prior instrumentation. Nevertheless, 
for many aspects of the market, there still remains 
an important need for a simple, efficient and in- 
expensive device, which allows for the sensitive 
detection of low levels of ligands in a variety of 
media. 
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OPTICAL AND MECHANICAL SIGNALS 
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(1985) 64:1-62 describe polymeric monolayers in 
liposome! as models for biomembranes. 

SUMMARY OF THE INVENTION 



Biosensors are provided, comprising an elec- 
trically inert substrate, an electrically conductive 
surfactant layer, and bound to the surfactant layer, 
members of a specific binding pair. The specific 
binding pair members may be present as a uni- 
formly oriented layer. Analytes are detected by 
binding to the bound specific binding pair member, 
resulting in a change in electrical signal, light mod- 
ulation or structural modulation resulting from a 
change in the surfactant layer. Specific methods of 
fabrication and application are described for the 
biosensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is a schematic view of a process for 
preparation of a biosensor; and 

Figure 2 is a diagrammatic design of a cir- 
cuit and biosensor. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 



Biosensor devices and compositions associ- > 
ated with such devices are provided for the detec- 
tion of analytes. The biosensors comprise a solid 
substrate upon which is formed a highly oriented 
surfactant film, which is electrically conducting as a 
result of polymerization of polyunsaturated groups 
in the surfactant- Joined to the surfactant molecules 
distal from the substrate are members of a specific 
binding pair, which directly or indirectly may inter- 
act with the analyte of interest. Binding of the 
analyte of interest perturbs the surfactant layer, so 
as to allow for detection of the presence of the 
analyte by a change in an electrical, structural, or 
light signal. While not wishing to be bound to any 
theory, it appears that there is a change in con- 
formation of the surfactant layer. 

The members bound . to the surfactant layer 
may be a uniformly oriented layer, where the mol- 
ecules are substantially contiguous, even crystal- 
line, or may be separated to form a non-contiguous 
layer, so long as binding of the analyte to the 
specific binding member provides for a change in 
the surfactant layer which allows for detection of 
the presence of the analyte. 

Depending upon the particular protocol, the 
substrate may take many different forms. The sub- 



strate may comprise a semiconductive layer, which 
allows for detection of photons. The semiconduc- 
tive layer will usually be separated from the surfac- 
tant-layer by a transparent layer. This transparent 

5 layer may serve soieiy as a suppuri for the surfac- 
tant layer and a separator between the surfactant 
layer and semiconductive layer, as a filter to limit 
the wave length range of light which passes 
through the substrate, or the like. The substrate 

70 may. be a reflective substrate which allows for 
reflection of light through the surfactant layer to the 
substrate surface and then back through the surfac- 
tant layer. Alternatively, the substrate may serve 
solely as an electrical insulating support for the 

75 surfactant layer providing for protection and me- 
chanical rigidity to the surfactant layer. 

Various substrates may be employed, particu- 
larly insulating materials. The substrate needs to 
be inert and have good electrical insulating prop- 

20 erties. It should be smooth at the molecular level, 
and have good adhering properties. The substrate 
has to be readily available and inexpensive. 
Prescoring and dicing might be necessary in order 
to manufacture the device. 'The substrate can be 

25 made out of different materials e.g., glass, plastics, 
silicon, hydrocarbons, wax, alkylated surfaces, or 
the like. The materials of choice are highly elec- 
trically resistive glasses or polymers. Glasses in- 
clude borosilicate, low expansion glasses such as 

30 Corning number 7095, Tempax, and other highly 
resistive glasses. A wide variety of organic poly- 
mers may be-employed, particular hydrocarbon 
polymers, such as polyethylene, polypropylene, 
polystyrene, etc. or condensation polymers, such 

35 as polyterephthalate," polyacrylate, polyformal- 
dehyde, or the like. 

The thickness of the substrate may vary wide- 
ly, depending upon the total number of layers and 
their thickness and nature, the structure of the 

40 biosensor chip element, the architecture, and the 
like. Usually, the thickness will be at least about 5 
mil and not more than about 500 mil, usually not 
more than about 100 mil. However, the particular 
thickness will usually not be critical, so long as it 

45 does not interfere with the operation of the chip 
and provides the desired structural support. The 
surface of the substrate which serves to receive the 
surfactant layer and will be In contact with the 
surfactant layer should be clean and free of dirt 

so and dust to minimize imperfections in the formation 
of the layer. For transferring polymerized surfactant 
films to the substrate by abutting the hydrophobic 
surface of the film to the substrate requires that the 
substrate be made hydrophobic. One process for 

55 making glass hydrophobic involves alkylation. An 
example of alkylation involves the use of a 5% 
solution of an alkylating agent in hexane. The agent 
can be a carbon chain with 1-50 carbons, usually 
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1-18, containing a methylalkylhalide silane group. 
For example, dimethyloctadecylchlorosilane may 
be used. After dipping and air drying, the glass is 
washed several times in chloroform, air dried, 
rinsed in high purity water for several minutes, and 
then air-dried again. The washing steps may be 
repeated several times. 

Surfactant films are formed on the surface of 
an aqueous subphase by standard lipid monolayer 
technologies. A solution containing a monomeric 
surfactant composition, dissolved in an organic sol- 
vent, is applied to the subphase surface by a 
micropipet. Solvents may include hydrocarbons 
such as pentane, hexane, heptane, and decane. 
The hydrocarbons may be straight chain, branched 
or unsaturated. Solvents may include chlorocar- 
bons such as mono-, di-, tri- or tetrachloromethane. 
The addition of more polar solvents such as al- 
cohols, furans, ethers, esters, or the like may be 
added to enhance the solubility of the surfactant 
composition. 

The subphase composition dictates the phys- 
ical characteristics of the surfactant layer which is 
formed. The subphase can be composed of pure 
water, glycerol, polyethylene glycol, or other polar 
organic solvents miscible with water including 
DMF, DMSO, acetone, alcohols, ketones, furans, 
dioxane, ethanolamine, phenols, alone or in com- 
bination or the like. High boiling point solvents such 
as glycerol will prevent evaporation during heating, 
while low boiling point solvents will enhance the 
evaporation. Other organic solvents can be used to 
stabilize the surfactant film, particularly to favorably 
interact with the polar headgroups, linkers and 
ligands of the surfactant. The subphase can also 
contain organic or inorganic acids or bases which 
affect the surfactant film through ionic interactions, 
i.e., charge stabilization. The ionic components can 
include mono- and polyvalent ions and cations, and 
mono- and oligosaccharides. 

Monomeric polymerizable surfactants are 
spread on the subphase at a concentration ranging 
from -0.01 to 50 milligrams/milliliter of spreading 
solvent. Typically 0.1 to 1.0 milligram/milliliter is 
most useful. Films are usually formed with .a mix- 
ture of polymerizable surfactants including 
surfactant-linked-ligands and filler surfactants which 
have no ligand attached. The polymerizable moiety 
of the filler surfactant is typically similar or identical 
to that of the ligand containing surfactant. The filler 
surfactant may have all the chemical characteristics 
of the ligand surfactant. It should have polar headg- 
roups which are biologically inert and resilient to 
non-specific binding. As .an example, the filler sur- 
factant may have a hydroxy], polyhydroxyl or poly- 
ethylene oxide headgroup which acts to prevent 
non-specific adherence of biological matter. The 
filler lipid could also contain a chromophore for 



enhancing the optical visualization of the film, and 
to enhance the photoelectrical injection of light. 
The mole percentage incorporation of the ligand- 
surfactant to the filler-surfactant plays a role In the 
5 support matrix. It is generally from 0;01 to 90%. 
more usually from 0.1-10% and usually in the 
range of 1.0 to 5%. The composition of the polar 
headgroup of the filler-lipid can modulate the spe- 
cific binding of biological material. Steric displace- 

70 ment can enhance protein binding, and steric hin- 
drance could inhibit protein binding. The composi- 
tion of the polar headgroup of the filler-lipid can 
thus provide a control mechanism for adjusting 
binding affinities and interactions. 

75 Film formation involves applying a subphase to 
a surface or well. A solution containing the mon- 
omeric surfactant is applied to the subphase sur- 
face until the surface is substantially saturated. 
Dried islands of surfactants will normally become 

20 apparent. The aqueous medium is then heated to 
melt the surfactant, usually to a temperature of not 
more than about 100* C, which results in disap- 
pearance of the islands. Once the islands have 
dissolved, the medium is allowed to cool to room 

25 temperature, followed by further cooling to below 
room temperature, usually to about 2*C. The for- 
mation of high quality films requires that the mon- 
omeric surfactant is highly crystalline at the 
gas/subphase interface. Crystalline films are often 

30 comprised of tightly packed single crystal domains. 
Large domains are desirable for manufacturing pro- 
• cesses. Factors found to affect the domain size are 
crystallization temperature spreading solvent com- 
position, and spreading solvent amount. The crystal 

35 growth can be initiated and controlled using a num- 
ber of methods such as zone refinement, later film 
pressure, crystal reanneaiing processes, site spe- 
cific nucleation, the use of seed crystals, controlled 
atmospheric conditions, epitaxial crystallization, 

40 varying subphase composition, or the like. Large 
single crystals may be nucleated by initially cry- 
stallizing a surfactant film and then irradiating a 
narrow width of film using an intense UV laser 
source. When the subphase temperature is raised 

45 above the surfactant melting temperature, the non- 
polymerized regions of film will become fluid. 
When the subphase is cooled back below the sur- 
factant melting transition, crystals of monomers nu- 
cleate from the crystalline polymer region. 

so The surfactant is then polymerized employing 
any convenient initiation system, e.g., ultra-violet 
light. Other initiation systems include combinations 
of light and light sensitive initiators, heat labile 
chemical initiators or the like. Such initiators are 

55 conventional and need not be described here. The 
activation is maintained until at least substantially 
complete polymerization is achieved. Polymeriza- 
tion may also be carried out by using high energy 
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light including electron beams, X-ray sources and 
other synchotron radiation. One method of poly- 
merization involves site localized polymerication 
using focused laser light and an XY-controlled posi- 
tioner, for the purpose ot patterning circuits into the 
film [Ogawa, et a!., Langmuir (1988) 4:195]. 

The film quality can be inspected optically us- 
ing methods such as polarization birefringence, lat- 
eral diffusion techniques including lateral film pres- 
sure, or fluorescent measurements such as fluores- 
cent recovery after photo bleaching. Films are in- 
spected for defects, crystal domain size and shape, 
and integrity. Defects may include point defects, 
edge defects, breakage, fractures. Crystal domain 
size and shape is characterized by various cry- 
stalline features such as dendritic patterns, large 
intact defect free domains, crystalline compactness 
and crystalline orientation. The film may be trans- 
ferred to different substrates for production of the 
biosensor. Transfer is achieved by applying stan- 
dard Langmuir-biodgett methods [George L Gaines 
Jr.: insoluble Monolayers at Liquid Gas Interfaces, 
Interscience Publishers, I. Prigogine Editor, John 
Wiley and Sones (1964)]. 

The substrate with the electrodes on the sur- 
face .is placed in contact with the polymer film such 
that the hydrophobic surface of the substrate inter- 
acts with the hydrophobic surface of the polymer- 
ized surfactant film. Good contact between the 
substrate and the surfactant film results in a stable 
complex. The transfer can occur by vertically dip- 
ping the substrate through the subphase- surface, 
or by placing the substrate horizontally on top of 
the subphase surface. Alternatively, the surfactant 
film can be transferred so that its hydrophilic sur- 
face is placed in intimate contact to a hydrophilic 
substrate. This approach requires that the substrate 
be lifted from beneath the subphase surface and 
be pulled out so that the film coats the substrate. 
Multilayers of polymer film can be deposited onto 
the substrate for various purposes, including films 
for non-linear optical devices, increased electrical 
conductivity through multiple films, and the building 
of complex layers of protein films and surfactant 
films for molecular electronic devices. 

The polymerizable surfactants have been ex- 
tensively described in the literature as evidenced 
by the prior art described previously. The composi- 
tion of the surfactant layer may be homogenous, 
where the surfactant is polymerizable and has a 
polar terminus, which may serve as a ligand for a 
complementary binding protein, or heterogenous, 
where a mixture of surfactants are employed, some 
of which are polymerizable and others are not 
polymerizable. The polymerizable and/or non-poly- 
merizable surfactants may be the site for binding to 
a ligand. 

The surfactant molecule may have a single 



lipid chain, e.g., a diynoic acid or a plurality of lipid 
chains, e.g., diester glycerides, preferably a single 
chain, and generally not more than two lipid chains. 
Illustrative surfactants include 6, 8-hex- 

5 ariecadiyfiuie aciu, 2-hyciroxy ethyl ociadeca-S-1 C- 
diynoate, eicosa-12,14-diynyl-10,12-phosphatidyl 
serine, pentaeicosa-10,12-diynoic acid, tricosa- 
10 r 12-diynoic acid, acetylene compounds with mul- 
tiple diyne groups and other polymer surfactants 

70 including single acyl chain polyerizable surfactants. 
Various other surfactants may be present as 
diluents for the polymerizable surfactant. These 
surfactants may be naturally occurring, synthetic, 
or combinations thereof, and may be illustrated by 

75 laurate, stearate, arachidonate, cholesterol, bile ac- 
ids, gangliosides, sphingomyelins, cerebrosides, or 
the like. 

Various functional groups may be present in 
the film to provide for polymerization, which allow 

20 for electron transfer. For the most part, -the func- 
tional groups will comprise monoynes and diynes, 
although other polyunsaturated molecules may find 
use, such as activated monoynes, e.g., a- 
ketomonoynes. 

25 For the most part, the hydrophobic portion of 
the surfactant will have a chain of at least 6 al- 
iphatic carbon atoms, usually a straight chain of at 
least 6 aliphatic carbon atoms, and generally not 
more than a-totat of about 100 carbon atoms, usu- 

30 ally not more than about 30 carbon atoms. Prefer- 
ably, the number of carbon atoms will vary from 
about .12 to 26, more usually 14 to 26, and more 
preferably 16 to 24 carbon atoms. 

The hydrocarbon can have attached florescent 

35 dyes, electron donor or acceptor groups, and 
groups which dope the polymer chain for increased 
electric conductivity. For the purpose of enhancing 
film stability, the hydrocarbon chain can be 
fluorinated, or mono- or polyhalogenated. Haloge- 

40 nation is known to affect hydrocarbon chain pack- 
ing and increase film melting transitions. 

The lipid molecules will terminate in a hydro- 
philic moiety, cationic, anionic or neutral (non-ionic) 
where the functionalities may include non-oxo car- 

45 bonyl, e.g., carboxylic acids, esters and amides, 
oxo-carbonyl, such as aldehydes or ketones, oxy. 
such as ethers, polyethers, and hydroxyl, amino, 
such as primary, secondary, and tertiary amines 
and ammonium, phosphorus acids esters and 

50 amide, such as phosphate, phosphonate, and 
phosphonamide, sulfur functionalities, such as thiol, 
sulfonates, sulfate, and sulfonamides, and the like. 
Hydrophilic groups may include drugs or 
chromophores. Usually, the polymerizable func- 

55 tionality will be separated from the polar and non- 
polar termini by at least one carbon atom, gen- 
erally from about 1 to 50 carbon atoms, more 
usually from about 1 to 8 carbon atoms. The poly- 
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merizable group is typically incorporated into the 
hydrophobic interior of the surfactant film. Exam- 
ples of polymerized .groups include polypyrrote, 
polyamlines, polythiophene, poly(isothianaphthene) 
poly(alkylthiophene), polydiacetylene, 
polyacetylene, or the like. Diacetylenic groups may 
also be incorporated in the hydrocarbon chain of 
the surfactant so that more than one group- is 
present for polymerization. By having two or more 
po!ymeri2able groups in the surfactant chain, a 
multiplicity of electrically conducting polymers may 
be obtained. This configuration leads to films of 
higher conductivity and mechanical strength. The 
individual polymerizable groups can be spaced at 
regular intervals from 1-50 carbons apart, typically 
2-10 carbon atoms apart. There can be as many of 
these groups in the chain as its length allows. 
Variations of the headgroup provides for improved 
film quality, such as stability of the film, surface 
charge, reduction of non-specific binding or fluid 
matrix effects, and ease of chemical modifications. 
The hydrocarbon tail of the surfactant may also 
terminate in a hydrophilic group so that the surfac- 
tant is bipolar. [Sher, Justus liebigs Ann. Chem. - 
(1954) 589:234; and Akimoto, et al. Angew. Chem. 
(1 981 ) 20(1):91 ]. —— — 

Depending upon the desired density of the 
ligand bound to the surfactant, the ligand may be 
present in from about 1 to 100 mol % of surfactant, 
more usually at least about 5 mol %, and prefer- 
ably at least about 20 mol %, generally not more 
than about 80 mol %. The mol ratio will depend on 
the size and nature of the ligand, whether contig- 
uous ligands are desired in the layer, and the like. 
The ligands may be joined by any convenient 
functionality, including esters, e.g., carboxylate and 
phosphate, ethers, either oxy or thio, amino, includ- 
ing ammonium, hydrazines, amides, such as car- 
boxamide, sulfonamide or phosphoramide, com- 
binations thereof, or the like. Specific groups may 
involve saccharides, both mono- and polysaccha- 
ride, including aminosaccharides, carboxysac- 
charides, reduced saccharides, or the like. Specific 
groups include zwitterions, e.g., betaine, sugars, 
such as glucose, glucuronic acid, 0-galactosamine, 
sialic acid, etc, phosphatidyl esters, such as 
phosphatidyl glycerol serine, inositol, etc. 
* The ligand can be any small molecule contain- 
ing a reactive group. Typical ligands could be 
biotin, drugs such as alkaloids, antigens, polysac- 
charides, polypeptides, polynucleotides, ionic 
groups, polymerizable groups, linker groups, elec- 
tron donor or acceptor groups, hydrophobic 
groups, or hydrophilic groups. The ligand may also 
serve as a site which can be further chemically 
modified .to bring about new physical features or 
film characteristics. 

The ligand can also be a photoactivateable or 



photocleavable group, in which case the possibility 
of biosensors for panel testing becomes very at- 
tractive. Using photoactivation or photocleavage 
and masking, one can selectively bind different 

5 receptors, antibodies, drugs or the like to the same 
biosensor, presenting tremendous advantages for 
panel testing or screening. Some of the advantages 
would be ease of screening, by simultaneously 
testing without extra steps, and cost. These panels 

10 could be used in research or in industry, for recep- 
tor testing, monoclonal antibody screening, thera- 
peutic drug discovery, in diagnostics for cancer 
screening, testing of drugs of abuse or therapeutic 
drugs, urinary tract infections, and sexually trans- 

75 mitted disease testing. The biosensor can also be 
used for environmental testing, in the food industry, 
and the like. A reusable biosensor panel could be 
incorporated into a flow cytometry instrument or 
other-such instruments. 

20 The articles of this invention can be prepared, 
for the most part, using conventional techniques 
employing particular conditions to achieve the de- 
sired layers. For the most part, Langmuir-Blodgett 
techniques will be employed as described in the 

25 references cited previously. In employing the sub- 
ject methods, attention should be given to the 
experimental section for guidance as to the particu: 
lar range that should be used with any particular 
parameter for the desired result. 

30 A large number of parameters are available 

which can be used to influence the nature of the 
product. These parameters include the buffer, in- 
cluding pH, ionic strength, cations employed, e.g., 
mono- or polyvalent, composition of the surfactant, 

35 both as to the polymerizable surfactant and the 
non-potymerizable surfactant, including such con- 
siderations as chain length, the status of the poly- 
merizable functionality, the nature of the poly- 
merizable functionality, and the nature of the polar 

40 head group; the manner in which the surfactant 
layer is formed, including concentration of surfac- 
tant and solvent, the nature of the solvent, the 
spreading method, and the amount of surfactant 
employed, which will affect the formation of mul- 

45 tilamellar layers; and physical parameters, such as 
film tension, crystallization time, temperature, hu- 
midity, E (electric) field, and M (magnetic) field 
(protein dipole moment). 

The ligands which are covalently bonded to the 

so surfactant will normally be a member of a specific 
binding pair. Thus, the ligands may be varied wide- 
ly, usually being molecules of less than about 2 
kDal, more usually less than about 1 kDal. For the 
most part, the ligands will be considered to be 

55 haptenic, which may include small organic mol- 
ecules, including oligopeptides, oligonucleotides, 
saccharides or oligosaccharides, or the like. How- 
' ever, in some situations, the ligand bound to the 
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surfactant may be a macromolecule, usually not 
exceeding about 500 kDal, more usually not ex- 
ceeding about 200 kDal. Thus, proteins, nucleic 
acids, or other polymeric or non-polymeric com- 
pounds of high molecular weight may also be em- 
ployed. There is also the possibility to use crown 
ethers which will bind to particular ions. The par- 
ticular manner in which one or more surfactants 
may be bound to the ligand is not critical to this 
invention and will depend, for the most part, on 
convenience, ease of synthesis, stability, available 
functional groups, and the like. Synthetic macro- 
cyclic complexes may be incorporated into the 
surfactant layer for the purpose of molecular rec- 
ognition of various natural and non natural com- 
pounds. 

The ligand may be a molecule which can pro- 
vide for covalent binding to another molecule. Car- 
boxy groups may be activated with carbodiimide to 
react with alcohols, phenols and amines. 
Hydrazines may react with carboxylic acids, 
ketones and aldehydes, particularly under reducing 
conditions. Thiols can react with activated olefins, 
such as maieimide, acrylates, etc. or activated 
halides, e.g., a-chloroacetyl, and the like. For non- 
covalent or covalent binding, some enzyme sub- 
strates, inhibitors or suicide inhibitors may be em- 
ployed with the complementary enzyme. 

In many cases, particular ligands will be used 
for a variety of purposes. For example, biotin may 
be used to bind to avidin or strepavidin, where the 
complementary member may then be used to link 
a wide variety of other molecules. Various lectins 
may be employed to bind a variety of sugars which 
may be attached to molecules of interest. Specific 
ligands may be employed which bind to com- 
plementary receptors, such as surface membrane 
receptors, soluble receptors, or the like. 

Of particular interest is the binding of receptor, 
either directly or Indirectly, to the surfactant. Direct 
binding will usually be covalent, while indirect bind- 
ing will usually be non-covalent. Receptors of par- 
ticular interest will be antibodies, which include IgA, 
IgD, IgE, IgG and IgM, which may be monoclonal 
or polyclonal. The antibodies could be intact, their 
sulfhydryi bridges totally or partially cleaved, frag- 
mented to Fab2 or Fab, or the like. The intact and 
totally cleaved antibodies could be used to make a 
recombinant protein A-antibody hybrid, to be incor- 
porated into the assay. Coupling through the anti- 
body's oligosaccharide moiety to hydrazines can 
be achieved with the intact, partially and totally 
cleaved antibody. Maieimide linkages could be 
used for the intact, partially .and totally cleaved 
antibodies, and the Fab2 fragment, while the Fab 
fragment could be incorporated, in an antibody hy- 
brid. Other examples for antibody coupling to poly- 
mer films will include the use of recombinant hy- 



brid linker proteins and recombinant antibody mol- 
ecules. The antibodies may be functionalized at the 
Fc portion to ensure the availability of the binding 
sites for further binding. 

5 The electrode substrate may be smaiier than 1 

urn 2 , and as large as 10cm 2 , the size not being 
critical. A large sheet having scored regions may' 
be employed, where the individual wafers may be 
separated after processing. The electrode substrate 

w which receives the surfactant layer may be pre- 
pared in a variety of ways. Conveniently, vapor 
deposition or sputtering of metal electrodes may 
be employed by placing a prescribed metal stencil 
with the desired electrode configuration over an 

75 insulating substrate. The stencil covered substrate 
is placed in a vacuum sputtering apparatus, where 
gold, silver, platinum, aluminum, or a combination 
of metals is placed in the evaporation boat and the 
apparatus evacuated to a low pressure, generally 

20 equal to about 1G~ 6 torr. Stencils- for electrode 
deposition may be prepared by chemical milling. 
Initially, an optical transparency may be prepared 
using linographic methods, photographic methods, 
photolaser plotter methods, or the like. The optical 

25 transparency has a black outline of the electrode 
array. The transparency, may be placed over sheet 
metal which has been previously coated with a 
positive photoresist emulsion. The transparency- 
emulsion-metal sandwich is then exposed to light 

30 and etched in an acid bath. Alternative methods for 
preparing electrodes on insulating substrates in- 
clude painting with silver paint, resilvering pro- 
cesses, and silk screening methods. 

Preparation of electrodes by silver painting in- 

35 volves directly painting pairs of electrodes over a 
polymer coated, insulating substrate. Prior to paint- 
ing, the quality of the film is inspected by fluores- 
cence microscopy. Intact polymer films appear 
brightly orange using a rhodamine filter. For exam- 

40 pie, one may lightly paint 10-15 mm of the middle 
portion of a wooden applicator with silver paint. 
One secures the ends of the applicator with the 
finger and thumb and gently rolls the paint portion 
over the film to create an electrode about 2 mm in 

45 width. The applicator is used again to generate a 
parallel electrode approximately 3 mm away. Cop- 
per adhesive strip pieces may then be employed 
for attaching to the silver electrodes to an electrical 
circuit for electrical measurements. Silver paint 

50 may then be coated over the top of the copper 
strip in contact with the silver electrode. 

Another method for preparing electrodes in- 
volves coating a glass substrate with a metal to 
create a front surface coat. Typical metals include 

55 chrome, silver, gold, platinum, nickel, alloys, oxides 
such as indium tin oxide, conducting polymers and 
inorganic substances. A photoresist film, negative 
or positive is deposited over the coat by spraying, 
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laminating, dipping or the like onto the metal sur- 
face. A master mask is created by computer-aided 
design using high resolution techniques. Illumina- 
tion or photoactivation with UV or white light, de- 
pending on' the film composition, may be em- 
ployed. The photoresist is then developed, using 
developing reagents such as caustic soda to re- 
move the unexposed areas of a negative photores- 
ist. Chemical etching will subsequently remove the 
unprotected metal. Cleaning off residual photoresist 
material may be accomplished using 10% NaOH 
for 3-5 minutes. The rinse steps include 10% de- 
tergent, rinsing 2-3 times in 10-20 megaOhms wa- 
ter, and then rinsing in high purity water and or- 
ganic solvents. The electrode may be heated to 
remove any surface water. Heating is accomplished 
using a dust-free oven at temperatures ranging 
from 30-150* C from between 30 seconds to 1 
hour. The polymeric film prepared as described 
above is then transferred to the substrate-electrode 
so as to overlap the electrodes. Transfer is 
achieved by methods described above. 

The metal electrodes may be sealed against 
contact with water. Various materials may be used 
to provide for insulation from water, such as para- 
film, hemeseal, rubber silicone, rubber cement, UV 
curable materials including acrylates, 
cyanoacrylates, waxes, fluorinated aliphatic com- 
pounds, glues, teflons, or other commercially avail- 
able sealants. For parafilm, the film is placed over 
the electrode, the film is compressed to remove 
any air bubbles and the wafer warmed to allow the 
parafilm to soften and coat the electrodes. The 
other sealants may be coated onto the electrodes 
and, when appropriate, the chip warmed to allow 
for reduction in viscosity. High resolution sealing 
electrodes can be accomplished by vapor deposi- 
tion processes, sputtering, or the like. For vapor 
deposition, a stencil with openings symmetric to 
the metal electrode traces on the substrate, but 
slightly broader than the metal traces, is placed 
above the polymer coated electrode surface. The 
substrate and mask are placed in a vapor deposi- 
tion apparatus and then an insulating material, such 
as silicon oxide is vapor deposited in such a way 
that the electrode is completely coated with the 
insulating material. The insulating material should 
extend slightly past the electrode edge so that it 
completely isolates the electrode from the environ- 
ment and leaves the polymer film between elec- 
trodes uncoated. 

After completion of the insulation, the lipid film 
may then be activated. Activation will depend upon 
the nature of the molecule coupled to the lipid and 
the molecule to be bound. At this point, the dry 
biosensor wafer comprises the insulating substrate, 
polymer film with attached molecule for binding, 
e.g., ligand, parallel metal electrodes which are 



sealed for moisture and metal electrically conduc- 
tive leads. 

The sensor is activated by specifically cou- 
pling, either directly or indirectly, the specific bind- 

5 ing pair member to the lipids of the polymer on the 
electrode substrate surface. When the complemen- 
tary member is an antibody, coupling of the anti- 
body to the sensor is accomplished so that the 
binding sites of the antibody remain free to asso- 

70 ciate "with specific antigens. 

A large number of coupling pairs may be em- 
ployed, where the binding may be covalent or non- 
covalent. Various proteins which bind specifically to 
a complementary ligand may be employed, such 

75 as enzymes, lectins, toxins, soluble receptors, and 
the like. Illustrative proteins include DHFR, strep- 
tavidin, avidin, cholera toxin, lectins, the c-H-ras 
oncogene product, and nucleases. For linkages 
with oligosaccharides, hydrazine may used, by it- 

20 self or bound to a polymer, e.g., poly- 
(acrylhydrazide). Alternatively, biotin, nucleotides, 
or other molecular recognition analogs, or the like 
may be used. Nucleic acids, such as ssDNA or 
RNA may be employed. Maleimide linkages may 

25 be employed for linking to a thiol containing mol- 
ecule, which may be biotin, avidin, any ligand or 
binding protein, sulfhydryl containing polymer, a 
nucleic acid, or molecular recognition analogs. For 
example, an intact antibody, with a functional 

30 oligosaccharide moiety, may be cleaved with peri- 
odic acid, and the resulting aldehyde reacted with 
the hydrazine under reductive conditions to form a 
stable carbon-nitrogen bond. For providing sulf- 
hydryl groups to react with a maleimide, the anti- 

35 body may be reduced at the hinge region, partially 
cleaved at the hinge region, or proteolytically 
cleaved near the hinge region for forming a thio 
ether with the activated olefin. In each case, care 
will be taken in selecting the method of linkage to 

40 ensure that the desired sites for binding to the 
complementary member of the specific binding 
pair are available for binding. Alternatively, sulf- 
hydryl surfactants may be attached to sulfhydryl 
groups on the antibody molecules. 

45 When the binding molecule should be main- 

tained in an aqueous environment, the following 
procedure is found to be useful and may be treated 
as exemplary. An aqueous medium is formed, 
which is normally buffered at a pH in the range of 

so about 4 to 9, preferably from about 5 to 9. The salt 
concentration will generally be in the range of 
about 10 mM to 1 molar. Illustrative buffers include 
phosphate, borate, barbitron. carbonate, Tris, 
MOPS, MES, etc. Illustrative buffer compositions 

55 include phosphate buffered saline; 138 mM NaCl, 
50 mM potassium phosphate, pH 7.2; 200 mM 
sodium borate, pH 8.2. It is found that PBS favors 
monolayers and cadmium stabilizes the layer. The 
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concentration of the multivalent cations will depend 
to some degree upon the nature of the cation, 
generally ranging from about 0.1 to 200 mM, more 
usually from about 10 to 100 mM and will be 
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centration. After submersing the polymer surface in 
an aqueous buffer containing from about 10-140 
mM NaCl, 4-40 mM tris pH 6.5-7.5 as well as any 
additional appropriate coupling reagents and recep- 
tors, the reaction mixture is allowed to stand for 
sufficient time for completion of reaction, followed 
by washing. After activation with the complemen- 
tary pair member, the biosensor will normally be 
covered for storage. The cover will be removable 
and will be removed prior to use. Various films may 
be used to seal the biosensor in a protective envi- 
ronment. 

For carrying out an assay, the sample may be 
introduced onto the biosensor surface by direct 
injection into a reservoir buffer covering the sensor 
surface, by capillary action through a shallow flow 
cell covering the sensor, by fluid pumping through 
a flow cell, by gas phase adsorption and diffusion 
onto a wetted surface covering the sensor surface, 
or the like. For detecting extremely low concentra- 
tions of analyte, for example, less than about 10~ 12 
M, the flow cell method is preferred, since it allows 
a large volume of sample to pass over the sensor 
surface so as to concentrate the specific binding 
member on the surface. At higher concentrations, 
the reservoir sensor configuration is useful, be- 
cause the diffusion rate becomes less of a factor. 

On line monitoring of various biological pro- 
cesses, in vitro events and commercial processes 
is accomplished by placing a flow cell apparatus 
over the sensor surface. As the fluid is passed over 
the sensor surface, the analyte from solution binds 
to specific receptors on the sensor. 

Methods for signal generation will include di- 
rect and competitive antibody/antigen binding. Sig- 
nals will be generated, for example, from antigen 
binding to biosensors, where the antibodies have 
been iummobilized on the biosensor surface such 
that their antigen-binding sites are free for binding. 
Competition binding assays are used for small, 
usually monovalent anaiytes including proteins, 
peptides, oligosaccharides, oligonucleotides, drugs, 
and other small ligands. Competition assays in- 
volve the use of mono- or multivalent ligands for 
signal amplification. 

The cellular expression systems can be utilized 
to form naturally occurring surfactant linked pro- 
teins which can be directly incorporated into the 
surfactant film. Bacteria or mammalian cells can be 
fed non-natural polymerizable surfactants, such as 
diacetylenic myristic acid, in place of natural sur- 
factants. One such example of a cellular expression 
system is the myrstioylation pathway in which sin- 



gle acyl chains are biochemically coupled to poly- 
peptides. Another example is the use of the 
phosphatidylinositol expression pathway. This path- 
way can be used to express soluble forms of 

t- r^-^o;^ ^ontnrc attarhoH tn nhr>cnhatirl\/linn«?Hnl 
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through an oligosaccharide moiety. If cells are fed 
with non-natural polymerizable 

phosphatidylinositols or polymerizable fatty acids, 
then the isolated protein/receptor-oligosaccharide- 

io linker-phosphatidylinositol can be used directly in 
the polymerizable surfactant film. 

Depending upon the particular combination 
which is bound to the surface, a wide variety of 
different physical events may result, which allow for 

75 detection of a signal. The signal will result from 
perturbation of the polymerized surfactant layer 
resulting in a change in electrical, optical or struc- 
tural properties of the polymerized surfactant layer. 
. Where the analyte is small and its binding to an 

20 analyte binding molecule may have a small effect 
on the polymer layer, with little or no perturbation 
so as to prevent accurate detection, various meth- 
ods may be used for signal enhancement For 
example, signal amplification may be obtained 

25 through the optimization of the electrode configura- 
tion or by increasing the number of sensors in an 
array for increased statistical accuracy. Sensor ar- 
rays may be condensed with up to a thousand per 
square inch. Alternatively, the distance between the 

30 two electrodes may be decreased. An increase in 
the ratio of the length of the area between two 
electrodes to the width between the electrodes 
corresponds to a linear increase in the conductivity 
of the film. 

35 Different types of assays can be designed. In 

the case of DNA assays, single-stranded DNA is 
Immobilized in the film using one or two points of 
attachment. The attachment may be covalent or 
noncovalent, e.g., biotin, avidin, hybridization, etc. 

40 When the sample containing a complementary 
strand of DNA is added, DNA duplexing leads to 
signal generation. In the case of viral assay, virus 
capsid or envelope may bind directly to immo- 
bilized antibody. Macromolecules will be assayed 

45 in a similar fashion to the viral assay. For serology, 
the same principle applies, but antigen is immo- 
bilized, and antibody is measured. Alpha-galactose- 
• 1 ,4-beta-galactose, immobilized in the polymer 
film, can bind to receptors of P. Rmbriea bacteria. 

so Competition assays may be used for small mol- 
ecules, in a displacement mode, where the com- 
petition occurs directly on the surface of the film, 
or in a more direct fashion, where a polyvalent 
cross-reacting moriety and the competitor analyte 

55 are added simultaneously to the biosensor. 

Various systems may be employed for detect- 
ing a variety of anaiytes. For example, with an 
antigen attached to the polymer, one may provide 
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for a competition assay between the antigen on the 
polymer and the analyte antigen for a receptor, 
e.g., an antibody. Alternatively, polyethylene glycol 
packing around the analyte molecule bound to the 
film may be employed, where analyte binding will 
displace the glycol to cause perturbation of the 
film. This assay avoids the need for competition. 
By having polyethylens glycol chains as a polar 
terminus of the surfactant, these molecules may 
align to form ah ordered . assay. Binding of the 
analyte may perturb the orderly packing leading to 
a structural change in the polymer layer. With 
polyvalent antigens, cocking may be achieved, 
where cocking intends that the binding of the poly- 
valent antigen results in bending of the film with a 
change in conformation of the polymer. The mul- 
tivalent antigens may be prepared by chemically 
cross-linked antigens to beads, polymerized lipo- 
somes, macromolecular assemblies, chemically 
cross-linked molecules, chemically synthesized 
polyvalent molecules, or the like. Alternatively, 
drag/flow particles may be involved, where the par- 
tides compete with the analyte for binding to the 
surface. By having a flow of liquid past the par- 
ticles, the polymer organization may be modified, 
with a change in signal. Another technique may 
involve dopant releasing complexes, such as mi- 
cron sponges, polymerized liposomes, macro- 
molecular complexes, or self-doping polymers. The 
presence of the dopant interacting with the surfac- 
tant polymer will provide for a change in the signal. 
Various tension devices may be employed, based 
on the use of actin and myosin. Thus, tension 
filaments or traversing actin filaments may be em- 
ployed, with a resulting change in the conformation 
of the surfactant polymer. 

The piezoelectric properties of 
protein/surfactant films may be exploited for the 
purpose of analyte detection. Macromolecular cry- 
stalline assemblies have specific resonance fre- 
quencies which depend on the mass of the assem- 
bly, crystalline space group symmetry, and elec- 
trical fields in which the assemblies are placed. 
Vibrational frequency monitoring can be employed 
for the purpose of determining frequency shifts 
before and after analyte molecules bind to the 
macromolecular assembly. 

Antiidotypes may be employed as divalent and 
cocking probes, where antibodies may be bound to 
the surfactant polymer and binding of the ligand to 
the antibody would inhibit the binding of the an- 
tiidotype. The polyvalence of the antiidotype would 
result in cross-linking of the antibody bound to the 
surfactant and modification of the conformation of 
the polymer. 

Divalent linker molecules with natural ligands 
attached at the end of a linker moiety can be used 
to prestrain the receptor/organic conducting layer. 



Divalent binding results in a sterically strained sur- 
face if the linker between the ligands is somewhat 
inflexible, e.g., cyclic molecules, particularly ar- 
omatic linkers. Strain on the polymerized surfactant 

5 layer increases as the rigidity of the linker and the 
affinity between the ligand and receptor are in- 
creased. Divalent molecules may be used in com- 
petitive analyte assays where the monovalent an- 
alyte of interest is eluted onto a prestrained sur- 

70 face. As the divalent moiety is displaced by the 
monovalent analyte, strain is released and the elec- 
trical and optical properties of the film change 
measurably. 

Conduction particles may be employed, where 

75 an antigen may be attached to the conduction 
particle, or antibodies may be bound to caged gold 
compounds, or metal particles, such as metal com- 
plexes, e.g., gold or tungsten. 

Tethered antibodies may be employed, where 

20 the antibody binds to an antigen linked film through 
its binding site and is chemically coupled through a 
functional group on the antibody. The binding of 
the antibody to the antigen results in a change in 
the conformation of the polymer. Where the film 

25 bound antigen competes with antigen in the sam- 
ple, there will be a different degree of binding of 
the surfactant-film-linked antigen to the antibody, 
depending upon the amount of antigen in the sam- 
ple. 

30 A strain on the polymer may be created by 

providing for antigen attached to polymer, particu- 
larly where a molecular cantilever may be created 
by microfabrication techniques. Miniature cantile- 
vers can be micromachined such that the tip of the 

35 cantilever is placed in close proximity of the 
protein/polymer surface. If one of the binding mem- 
bers Is attached to the cantilever tip and the sec- 
ond member is attached to the protein/polymer 
film, then direct binding occurs between the tip and 

40 the surface. The cantilever acts as a tension spring 
which when bound to the protein/polymer film cre- 
ates an intense strain on the film. Tension is re- 
leased when the analyte is eluted onto the film 
surface and competes for binding with one of the 

45 binding pair members. Alternatively, a drum mem- 
brane may be created by a similar method. Light 
pulse systems may be employed to increase the 
film conductivity, to check the quality of the poly-' 
mer film during manufacturing procedures, to sta- 

50 bilize signal or to drown out transient noise. 

Perturbations, e.g., change in conformation of 
the polymerized layer, may be detected by 
changes in the electrical properties of the film. 
Thus, by providing for a voltage drop across the 

55 surfactant layer, changes in the voltage may be 
detected with a galvanometer, high impedence 
ohm-meter, amp-meter or voltmeter. Other elec- 
trical characteristics which may be detected in- 
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elude time domain reflectometry which involves the 
use of high speed, high frequency radar type 
pulses and frequency domain responses where 
spectral frequency patterning can be* monitored as 
a function of anaiyte binding to the fiim suriaut;. 
Electrical alternating current measurements are 
convenient for filtering out backgorund noise due to 
nonspecific matrix effects. A useful circuit is com- 
prised of a port to insert the biosensor chip, a 
power supply, an electrical amplifier, an 
analog/digital converter, a channel multiplex sys- 
tem, computer interface components including soft- 
ware and circuit boards, a computer, display termi- 
nal, and a printer. Designs for instrumentation, in- 
clude hand held devices which have all of the 
signal processing capabilities necessary for accu- 
rate data analysis. 

A number of both linear and non-linear optically 
based techniques may be incorporated into the 
measurement format. The techniques rely on an 
ordered polymer layer in conjunction with a bound 
layer, which may be crystalline or non-crystalline, 
particularly a protein layer, as a means of signal 
amplification. Thus, either ordered or non-ordered 
protein layers may be employed. 

Linear optical devices may be based upon 
changes in the fluorescence absorption and re- 
flectivity properties of the thin film upon anaiyte 
binding, photoinjection of charge carriers, or the 
like. In addition, changes in the optical birefrin- 
gence and circular dichroic properties may be 
monitored. For shifts in fluorescence absorption or 
reflectivity, it is noted that the highly conjugated 
polydiacteylene polymer backbone has unique 
spectral properties which are dictated by the local 
electronic environment. By monitoring the fluores- 
cence absorption shift induced by the binding of an 
anaiyte to ligands specifically attached to the poly- 
mer, a quantitative correlation to the anaiyte con- 
centration may be made. For photoinjection of 
charged carriers, application of a prepulse of light 
to a conducting polymer film produces a transient 
electrical decay which is characteristic of the mean 
free path of the charged carriers prior to recom- 
bination. The binding of an anaiyte and subsequent 
kinking of the film reduces the mean free path of 
the carriers. This change may be sensitively mon- 
itored using a standard transient photoconductivity 
measurements "or performing the Fourier transform 
of the transient electrical decay. 

For birefringence, a system of aligned mol- 
ecules is optically birefringent and will rotate the 
polarization of incident radiation in a defined 
amount. The binding of anaiyte molecules to the 
polymer/protein film alters the molecular alignment 
of anaiyte binding molecules within the film. The 
molecular re-orientation results in a change in 
birefringence which is in turn manifested as . a 



unique rotation of the linearly polarized light. 

Circular dichrosim (CD) may be employed for 
anaiyte detection. Whereas optical birefringence 
monitors the change in the "real" part of the index 

5 of refaction, CD can be used to measure the 
"imaginary" part of the index of refraction. CD may 
be used by determining the degree of ellipticity of 
light after it is passed through the protein/polymer 
film. The CD spectum of the film can be measured 

70 before, during, and after anaiyte binding occurs. 
Anaiyte binding modulates the optical anisotropic 
properties of the film which in turn leads to observ- 
able shifts in the CD spectrum. 

For non-linear optical devices, laser-induced 

75 phonon spectroscopy (LIPS), surface harmonic 
generation or optical Kerr effect may be employed. 
The LIPS technique involves a transient holograph- 
ic grating technique, which is a form of four-wave 
mixing providing ultrasensitive information about 

20 the bulk mechanical and vibrational structure of 
liquids and solids. Binding of the anaiyte of interest 
to' either the protein/polymer film or macro- 
molecular complexes in solution will significantly 
alter the phonon structure of the material and 

25 therefore manifest itself directly into the transient 
grating observable. Surface harmonic generation is 
as a . result of a fundamental non-linear light-matter 
interaction in non-centrosymmetric crystals result- 
ing in the conversion of the incident radiation into 

30 radiation at twice the frequency. This technique is 
inherently surface sensitive, since the surface re- 
gion must be non-centrosymmetric. Binding of an 
anaiyte to jhe surface of a film changes the non- 
linear optical properties to significantly alter the 

as ■ intensity of the second harmonic signal, which may 
be observed with a photodector. 

Finally, the optical Kerr effect may be used to 
monitor the optical Kerr effect with nanosecond 
time resolution. The dynamics of the reorientation 

40 of molecules (in the liquid phase) upon anaiyte 
binding, manifest themselves directly into the tran- 
sient grating observable. 

Anaiyte detection measurements may also be 
accomplished, with the use of new microscopic 

as techniques such as atomic force microscopy [0. 
Marti, H.O. Ribi, B. Drake, T.R. Albrecht,' C.F. 
Quate, and P.K. Hansma, Science (1988) 239:50- 
52], and scanning tunneling microscopy [C.F. 
Quate, Phys. Today (1986) 39:26]. These methods 

so may be used to probe surface and electronic struc- 
tures of the protein/polymer films. Anaiyte detec- 
tion is accomplished by visually observing the film 
structure before, during, and after the anaiyte binds 
to the surface. Optical filtering methods can be 

55 employed to enhance the apparent structural 
changes in the film. 

For further understanding of the invention, the 
drawings will now be considered. 
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In Figure 1 is depicted a schematic view of the 
process of preparation of a biosensor in accor- . 
dance with the subject invention. The first step 
involves vapor deposition of metal electrodes on an 
insulating surface, where onto a wafer 10 is vapor 5 
deposited metai electrodes 12, where the site of 
.deposition is controlled by screen 14. The ultrathin 
conducting polymer 16 is then coated over the 
electrodes 12 and the space 18 on the wafer 10. 
Insulation is then achieved by coating the. region jo 
around the electrodes 12 with insulating material 
20, where screen 22 directs the regions which are 
coated with the sealant 20. The surfactant polymer 
film 16 is then activated with receptors 24 followed 
by protective sealing with film 26. 75 

In Figure 2 is depicted a diagrammatic design 
of the circuit and biosensor. The insulating support 
30 supports electrodes 32 and electrode seal and 
water barrier 34. To the surfactant polymer layer 36 
is bound protein receptors 38. Electrodes 32 are so 
connected through wires 40 and 42 to a source of • 
power 44 and a meter 46 for measuring change's in 
electrical signal. Buffer 48 is placed in the area 
defined by the water barrier 34 and the protein 38 
for receipt of the analyte. 25 

The following examples are offered by way of 
illustration and not by way of limitation. 



EXAMPLES 30 



The biosensor device was prepared as follows. 

For various experiments, surfactant-linked 
ligands were prepared using condensation reac- 35 
tions involving an activated carboxylic acid group 
and a nucleophilic amine or hydroxy I. 10,12-pen- 
tacosadiynoic acid was activated with 
trimethylacetylchloride under anhydrous conditions 
to form the active asymmetric anhydride. The an- <o 
hydride was treated with excess ethylene diamine 
or ethanolamine (in situ ) to form • ethylenediamino- 
10,12-pentacosadiynamide EDA-PDA or 
ethanolamine-1 0,1 2-pentacosadiynamide EA-PDA, 
respectively. 1.5 mole equivalents of riethylamine <?5 
were added as a catalytic base. Reactions were 
allowed to proceed for 3 hours at room tempera- 
ture. EDA-PDA or EA-PDA were chromatog- 
raphically purified using a silica gel column and a 
chloroform/methanol gradient. EDA-PDA or EA- 50 
PDA were condensed with free carboxylic acid 
containing ligands (chemically activated as above) 
to form the ligand-linked polymerizable surfactants. 
Representative examples of ligand linked surfac- 
tants which were prepared by this method for the 55 
purpose of fabricating biosensors include: 2,4- 
dinitrophenylaminocaproyl-EDA-PDA; theophylline- 
8- butyroyl- EDA-PDA; a-galactose-1 ,4-b-gaiactose- 



diethyleneoxideaminosuccinyl-EDA-PDA; biotin- 
aminocaproyl-EDA-PDA; N-demethylrifampicin- 
succinyl-EDA-PDA; and dATP-EDA-PDA. n 

2,4-dinitrophenyl-aminocaproyl-EDA-PDA was 
prepared for fabricating a biosensor specific for 
anti-dinitrophenyl antibodies. Theophylline-8- 
butyroyl-EDA-PDA was prepared for fabricating a 
biosensor specific for anti-theophylline antibodies 
and theophylline assays. Biotin-aminocaproyl-EDA : 
PDA was prepared for the purpose of fabricating 
biosensors which utilize streptavidine as a binding 
member for various assays. N-demethylrifampicin- 
succinyl-EDA-PDA was prepared for the purpose of 
fabricating biosensor to detect RNA polymerase. 
dATP-EDA-PDA was prepared for the purpose of 
fabricating biosensors to detect enzymes and other 
proteins which bind to dATP. a-galactose-1 ,4,-b- 
galactose-diethyleneoxideaminosuccinyl-EDA-PDA 
was prepared for the purpose of fabricating biosen- 
sors to detect P. Fimbrial strains of E. coli. 

Ethanolamino-l0,12-pentacosadr7namide (EA- 
PDA) was also prepared for the purpose of forming 
mixed polymerized films. Films were usually pre- 
pared with 1-10% EA-PDA and 90-99% of any 
ligand-linked surfactant. 

One assay involved dinitrophenyl bound to the 
surfactant for detection of antibody to dinitrophenyl. 
The biosensor was prepared in the following man- 
ner. A glass microscope cover slip (22mm x 
22mm) was alkylated by dipping it into a solution of 
5% dimethylchlorosilane and 95% hexane for 5 
minutes at room temperature. The cover slip was 
washed two times with clean chloroform and then 
rinsed three times with double glass distilled water. 
The cover slip was air dried and then dusted with a 
stream of clean dry nitrogen gas. 

A polymerized monolayer, containing 2,4- 
dinltrophenyl (DNP) as the antigen, was prepared 
and transferred to the alkylated cover slip as fol- 
lows. A glass microscope slide (precleaned and 
then dusted with a stream of nitrogen) was placed 
on a copper plate (10 cm X 10 cm square and 0.4 
cm thick). 2.0 ml double glass distilled water was 
applied to one end of the glass slide. 2.0 micro- 
liters of a solution containing 1.0 milligram/milliliter 
of monomers (2.5 mole% 2,4- 
dinitrophenylaminocaproyl-ethylenediamine-1 0,1 2- 
pentacosadiynamide and 97.5 mole% 
ethanolamino-1 0,1 2-pentacosadiynamide) were ap- 
plied to the aqueous surface from a 5 microliter 
micropipet at room temperature in two equal al- 
iquots. Upon evaporation of the solvent, the mon- 
omer dried into small visible islands at the water 
surface. The copper plate was transferred to a 
preheated hot plate (approximately 200 "C on the 
hot plate surface). The copper plate, microscope 
slide, and water were heated until the ' islands of 
monomer melted and dissolved at the water sur- 
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face. The copper plate was transferred after 3-5 
minutes heating to prechilled aluminum block em- 
bedded in ice. The copper plate, slide and water 
were allowed to cool to 4* C. 

Thw monolayer was pulymeiizeu with a 'JV 
254nm short wave lamp (4 watts, 200 microwatts 
power output at 8 inches) at a distance of 2 inches 
for 4 minutes. The monolayer appeared pink by 
eye. Transfer of the polymerized film to the al- 
kylated glass cover slip was accomplished by hold- 
ing the cover slip horizontal with a pair of fine 
forceps and slowly lowering the cover slip so that 
the hydrophobic portion of the film (the side facing 
air) was directly contacted. Seconds after contact 
was made between the cover slip and the aqueous 
surface, the cover slip was pulled away and al- 
lowed to air dry. The alkylated glass cover slip 
appeared homogenously pink after the transfer. 

Silver electrodes were applied directly to the 
monolayer coated cover slip by direct application 
of silver paint to the pink polymer surface. The 
silver paint (electronic grade) was applied with the 
aid of a thin glass micropipet to create two parallel 
electrodes (each 8 mm in length and 2 mm wide) 
with a 2 mm gap between the electrodes. The final 
surface area between the electrodes was 16 mm 
squared. Adhesive copper strips were contacted to 
the electrodes. Electrical contact between the elec- 
trodes and the copper strips was ensured by ap- 
plying small coverage of silver paint. The silver 
paint was allowed to air dry at room temperature 
for 30 minutes. 

The electrodes were electrically insulated from 
water using a thin parafin coating (Parafilm). A strip 
of Parafilm (1.4 cm x 2.0 mm) was placed over 
each electrode to create a channel between the 
electrodes and so. that there were no visible signs 
of silver paint exposed to air within the channel. 
The Parafilm strips were carefully pressed on the 
electrodes using a thin cylindrical glass rod (4.0 
mm in dia.). The Parafilm was melted onto the 
surface of the electrodes and polymer by placing 
the device into an oven (125* C) for 2 minutes. 
After cooling the device to room temperature, the 
solidified Parafilm formed a water tight barrier over 
the electrodes. 

The biosensor device was tested by attaching 
one copper test lead to the positive terminal of a 
10 volt DC power supply and the other to one of 
three input leads on an electrometer (Kelthly 640). 
The circuit was completed by connecting other 
electrometer input leads to power supply ground 
and negative voltage terminals. The electrometer 
output (negative 1.0 volts to positive 1.0 volts) was 
connected to an A/D converter board which was 
interfaced with a desk top computer, electrometer 
outputs were digitized, converted to actual units of 
amperes, as measured by the electrometer, and 



displayed on a color graphics display screen. 

Prior to performing a biosensor assay, the 
electrometer settings were adjusted to a range 
setting of 1.0 x 10" 8 amphere. The electrometer 
5 was calibrated with the zero check switch. The 
sensitivity was placed to setting 2. The base line 
current of the biosensor device was 4.0 pico amps. 
The electrical conductivity of the device was in-^ 
spected by flashing pulses of intense visible light 

70 on the polymer surface at a distance of 3 inches. 

Buffer was placed on the biosensor (tris pH 7.0 
with 140 mM NaCI). The assay procedure involved 
placing 100 microliters of buffer on the biosensor 
between the electrodes and within the channel. The 

75 reliability of the sensor was tested by flashing 
pulses of intense visible light at 1 inch distance 
from the sensor surface. Each light pulse gave a 
1 100-fold increase in current above background. 
Once the integrity of the film was established, 

20 antitdinitrophenyl antibodies (one microliter of a 
one milligram/milliliter solution of antibody) were 
microinjected into the buffered solution. Initially a 
flat base line of 4.0 picoamps was observed. The 
base line remained stable for several seconds and 

25 then a distinct immediate rise in the current to 9.6 
picoamps was recorded. 

A second assay involved theophylline bound to 
the surfactant for the detection of an antibody to 
theophyliine. 100 microliters of buffer (10 mM tris 

30 pH 7.0, 120 mM Nacl) were placed over the sen- 
sor. Photoresponses were monitored- as above. 
Current increases of 100-fold above background 
were recorded. Once the integrity of the film was 
established, antitheopylline antibodies (one micro- 

35 liter of one milligram protein/milliliter solution) were 
. microinjected into the buffered solution. Initially a 
flat base line of 3.0 picoamps was observed. The 
base line remained stable for several seconds and 
then a distinct immediate rise in the current to 8.0 

40 picoamps was recorded within 2 min: The new 
base" line remained stable for 30 more min. at 
which time the assay was terminated. 

A third assay involved biotin bound to the 
surfactant for the detection of avidin. 100 micro- 
ns liters of buffer (same as above) were placed over 
the sensor. Photoresponses were monitored as be- 
fore. Current increases from picoamps to 
nanoamps were recorded. Once the integrity of the 
film was established, avidin (one microliter of one 

so milligram protein/milliliter solution) was microinjec- 
ted into the buffered solution. Initially a flat base 
line of picoamps was observed. The base line 
remained stable for several seconds and then a 
distinct immediate 3-fold rise in the current above 

55 background was recorded within one minute. The 
new base line remained stable for 30 more min. at 
which time the assay was terminated. 

A fourth assay involved the use of fluoresence 
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measurements for the detection of antitheophyliine 
antibodies on a sensor with theophylline bound to 
the polymer film. The sensor was placed under a 
fluorescence microsope objective such that the 
polymer film could be viewed at 75 times mag- 
nification using a rhodamine filter. 500 microliters 
of a buffer solution was placed on the film so that 
the microscope objective was immersed in the 
buffer. The film appeared dull orange in color and 
intensity. 3 microliters of a 1.0 milligram/miililiter 
solution of antitheophyliine antibodies were 
microinjected into the buffer. Immediately upon in- 
jection, the intensity of fluoresence increased by 
75%, and the dull orange film became brighter in 
appearance. A control film which contained no 
theophylline was unaffected by the antitheophyliine 
antibody. 

it is evident from the above results, that a 
sensitive technique is provided for the detection of 
a wide range of analytes. Numerous different tech- 
niques may be employed for detecting an electrical 
or light signal associated with a change in the 
properties of a surfactant polyunsaturated polymer. 
By employing different protocols, the analytes of 
interest may range from haptens and antigens, to 
aggregations, such as viruses, cells, or the like. 

All publications and patent applications cited in 
this specification are herein incorporated by refer- 
ence as if each individual publication or patent 
application were specifically and individually in- 
dicated to be incorporated by reference. 

Although the foregoing Invention has been de- 
scribed in some detail by way of illustration and 
example for purposes of clarity of understanding, it 
will be readily apparent to those of ordinary skill in 
the art in light of the teachings of this invention that 
certain changes and modifications may be made 
thereto without departing from the spirit or scope of 
the appended claims. 



Claims 

1 . A biosensor comprising a plurality of layers: 
a first electrically non-conductive support providing 
mechanical rigidity to said biosensor comprising at 
least two spaced apart electrical leads on a first 
surface of said support; 

an electrically conducting organic polymerized sur- 
factant layer in electrical contact with said electrical 
leads and coating said first surface between said 
leads; 

a sealing coating to protect said electrical contacts 
from contact with water; 

an organic molecule layer bound to said polymer- 
ized surfactant layer binding comprising a member 
of a specific binding pair for binding to a com- 
plementary member in an aqueous medium. 



2. A biosensor according to Claim 1, wherein 
said bound organic molecule is a receptor. 

3. A biosensor according to Claim 1, wherein 
said polymerized lipid layer is comprised of surfac- 

5 tant .diynes. 

4. A biosensor according to Claim 3, wherein 
said surfactant diynes have an aliphatic chain of 
from 6 to 100 carbon atoms. 

5. A biosensor according to Claim 1, wherein 
70 said support is transparent and the opposing sec- 
ond face is reflective. 

6. A biosensor comprising a plurality of layers: 
a first electrically non-conductive support providing 
mechanical rigidity to said biosensor comprising at 

75 least two spaced apart electrical leads coated on a 
first surface of said support; 
an electrically conducting organic polymeri2ed sur- 
factant layer having surfactant moieties of at least 
12 carbon atoms in electrical contact with said 

20 electrical leads and coating said first surface be- 
tween said leads,, said organic polymerized surfac- 
tant layer produced by the polymerization of sur- 
factant diynes; 

a sealing coating to protect said electrical contacts 

25 from contact with water; 

an organic molecule layer bound to said polymer- 
ized surfactant layer comprising, a member of a 
specific binding pair for binding to a complemen- 
tary member in an aqueous medium. 

30 7. A biosensor according to Claim 6, wherein 

said organic molecule layer is a substantially ori- 
ented layer of proteins. 

8. A method for detecting an analyte in an 
assay medium, employing as a biosensor a device 

35 comprising a plurality of layers: 

a first electrically non-conductive support providing 
mechanical rigidity to said biosensor comprising at 
least two spaced apart electrical ieads on a first 
surface of said support; 

40 an electrically conducting organic polymerized sur- 
factant layer in electrical contact with said electrical 
leads and coating said first surface between said 
leads; 

a sealing coating to protect said electrical contacts 

45 from contact with water; 

an organic molecule layer bound to said polymer- 
ized surfactant layer-binding comprising a member 
of a specific binding pair for binding to a com- 
plementary member in a fluid medium; 

50 said method comprising: 

adding to said organic molecule layer an assay 
medium suspected of containing an analyte which 
is the complementary member of said specific 
binding pair, with the proviso that binding of said 

55 analyte to said organic molecule layer results in a 
perturbation of said polymerized surfactant layer or 
a reagent is added which binds to said analyte or 
said organic molecule layer in proportion to the 
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amount of anaiyte in said assay medium to cause a 
perturbation in said polymerized surfactant layer, 
wherein said perturbation results in a change in the 
electrical or optica! properties of said polymerized 
surfactant layer: and -5 
detecting the change in the electrical or optical 
properties of said polymerized surfactant layer as 
an indication of the presence of said anaiyte in said 
assay medium. 

9. A method according to Claim 8, wherein said w 
anaiyte is a protein and said specific binding pair 
member is a hapten. 

TO. A method according to Claim 8, wherein 
said reagent is particles comprising a plurality of 
molecules cross-reactive with said anaiyte. is 
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FIGURE 2 




